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DESIGNED FOR 40 POUNDS PER SECOmD 

By John C. Montganery and Paul T. Yasaki 

SUMMARY 

A n  investigation was conducted t o  determine the   feas ib i l i ty  of a 
hfgh-performance transonic  axial-flow-canpressor stage wLth a weight flow 
of 40 pounds per second per square  foot of f rontal  area. A transonic 
axial-flow inlet stage with . a  hub-tip r a t io  of 0.35 and an axial M a c h  
number of approximately 0.75 was designed and fabricated. The design 
employed constant  energy  addition (vortex type) at all radii through the 
rotor. No guide vanes w e r e  used, and in l e t  air was  assmed axial. 
Double-circular-arc blades w i t h  leading- and trailing-edge  radii of 0.010 
inch were employed.  The rotor was designed t o  produce a tot&-pressure 
r a t i o  of 1.51 at an equivalent  specific weight f l o w  of 40 pounds per second 
per  square  foot of frontal  area. This report  presents  the ro to r  design 
method, plus r o t o r  over-& performance, and blade-element data. 

A t  the  design  equivalent t i p  speed of 1100 feet per second, a peak 
ro to r  adiabatic  efficiency of  89 percent w a s  obtained at an equivalent 
specific weight  flow of 38.0 pounds per second per square  foot of frontal  
area  with an average total-pressure ratio of 1.51. Peak efficiencies of 
0.98,  0.98,  0.96,  0.93, and 0.84 w e r e  obtsbed at 60, 70, 80, 90, and 110 
percent of design speed, respectively. 

The method  employed for cmputing the velocity  distribution w a s  good 
for  the  rotor  inlet   but was  not  sufficient f o r  the ro to r  outlet, where 
the  losses w e r e  underestimated. The radial matching of the blade-element 
pasmeters was good, however, at a flow of 38.34 pounds per second per 
square  foot.  Therefore, good compressor efficiency was obtained at a 
weight f l o w  b e l o w  the design value. The high losses  obtelned at the 
rotor  t ip  section were shown to be primarily a function of shock losses. 

* T i t l e ,  Confidential. UNCLASSIFIED 
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INTRODUCTION 
z 

Previous investigations (refs. 1 t o  4) have pointed  out  the numerous 
advantages of transonic met stages i n , x i a l - f l o w  compressors. In each 
of these studies, a transonic  axial-flow  rotor was  desigKed, fabricated, 
and tested t o  advance the  science af designing transonic  stages  for a 
wide range of flow  conditions.  Experimental  Jnvestigations  (refs. 3 t o  
5) have shown that  weight flow per unit frontal area can be hnproved 
without  sacrificing  efficiency or stage presss-e-raio "by decreasing  the 
hub-tip radius ra t io  and increasing  the M e t  axial Mach  number. In the 
work of reference 6 8 weight f low of 35.6 pomds per secdnd per unit w 
frontal  area was obtained with rotor having a 0.4 hub-tip radius r a t io  at 
a total-pressure  ratio of 1.38 and .&.I efficiency of 0.91. 

. . . . . . - . . . - - 
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In this  investigation  the  hub-tip  radius  ratio was further  decreased 
t o  0.35 and the  design average inlet axial  Mach number w e s  increased to 
approximately  0.75 i n  order t o   a t t a in  a design weight  flow of 40 pounds 
per  square  foot of frontal area. Guide vanes w e r e  not used., and inlet 
air was assumed axial. The rotor  design  tip  diffusion  factor was limited 
t o  approximately 0.35; th i s  i n  conjunction with a t i p  speed of U O O  feet 
per second resulted in a design over-all  total-pressure  ratio of 1.51: 

The over-all performance aahthe  blade-element performance of the 
rotor as obtained from detailed instrument surveys are presented  hereln. 
The r o t o r  blade-elment  data  are  presented f o r  corrected-tip speeds of 
770, 990, 1100 , and 1210 feet  per second. 

I -- 

CCNPRESSOR DESIGR 

Velocity Diagram Calculations 

In the  design of the  cmpressor,inl.et.stage  reported  herein  the 
c 

following  conditions were selected: 
. "  

* 
(1) Hub-tip  diameter r a t io  of 0.35 at the  rotor inlet with an inlet  

t i p  diameter of 14 inches 
. .  

, -- . ." - . ." - .. --- " . . _ _  -- - .. - - .  - -- ". 

( 2 )  Specific weight  flow of 40 pounds per second per  square  foot 
with  blockage factors  at   the rotor inlet -  md rotor  outlet  of 0.98 
and 0.97, respectively 

(5) M e t  t i p  speed of KLOO f.ee.t per second 

(4) Rotor chord of 2 inches-and t i p   so l id i ty  of approximately 1.0 

(5) Tip  taper  across the rotor .. . 
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(6) Rotor t ip   diffusion  factor  of approximately 0.35 

(7)  Average axial-velocity  ratio of 1.0 across the ro tor  

(8) Radially  constant  energy  addition 

( 9 ) No inlet whirl 

(10) Radially  constant  value of the blade-element total-pressure- 
loss  coefficient 

Tip taper across the  rotor w a s  specified so that  the  rotor hub cone 
angle  could  be held  within  conventional limits and so that outer-wall 
curvature could be ut i l ized t o  increase  the  axial-velocity  ratio  across 
the  rotor  tip  section. Reference 5 Fndicates tha t  an increase in the 
axial-velocity  ratio  across  the  rotor  tip  section is desirable. The 
total-pressure-loss  coefficient was selected as 0.025 t o  correspond 
t o  a mean passage  value. 41 

B Preliminary  calculations f o r  the  rotor were made with the above  con- 
3 
3 

ditions assuming various  degrees of t i p  taper and  assuming constant 
axial velocity  across  the passage. The results indicate that a t ip   t aper  

approximately 20' and a r o t o r  hub absolute  outlet Mac+ number of s l igh t ly  
less than 1.0. (Symbols are defined Fn appendix A. 

r a t i o  rt, 2 b t ,  1 of 0.97  would result in an acceptable hub cone angle of 

Using a t i p  taper r a t i o  of 0.97, calculations were made along conical 
surfaces t o  determine the required  rotor  outlet hub radius a s s a n g  con- 
stant  axial-velocity  distributions  before and after  the rotor.  In the 
calculations the area  at  each axial   station was corrected for the assumed 
boundary-layer  blockage factors (0.98 at the in l e t  and  0.97 at the  out- 
l e t ) .  The rotor  outlet  hul, radius was therefore  fixed  before any correc- 
tions were made t o  the assumption of constant  axial-velocity  distribution. 

Fairing of the annulus contours on both  the tnner and the  outer 
w a l l s  was done by use of circular  arcs and straiight lines as much as 
possible in order t o  simplify  the  calculations  required  to determine the 
effect  of waLL curvature on the radial diskribution of the axial  velocity 
across the  blade passage. The effect  of w a l l  curvature on the  axial- 
velocity  distribution before and after the  rotor was calculated  by a 
procedure similar to  that   outl ined in reference 7. The procedure of 
reference 7 w a s  modified s l igh t ly  Inamnu& as the  derivatives of the 
streamlines were determined analytically. In order to determine the 
derivatives  (curvature) of the streamlines, the  streamlines were  assumed 
t o  be surfaces of revolution which divide  the esnulus area i n t o  ten  equal 
increments. The surfaces of revolution were assumed t o  be  continuous and 
t o  extend beyond both  the upstream and the downstream axial. measuring 
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stations. The radius of a surface of revolution at any given axial  loca- e 

t ion was assumed &s r = &E - k(rt  - rh) , where k is the  desired  per- 
cent of mea between the outer wall and the given surface of revolution. 
V a r y i n g  k frm 0 t o  1.0 gives  the radius of the  eleven  surfaces of 
revolution  (ten  equal-area  increments) at a given a x i d  location. When 
k = 0 the  radius of the  outer wall is  obtained; when k = 1.0 the  radius 
of the  inner w a l l  is  obtained; when k is  between 0 and 1.0 the radii of 
the assumed surfaces of revolution are obtained. On the  inner and outer 
surfaces of revolution  (inner and outer w a l l s )  the vdues of r h  and rt 
axe not  constant and vary along the axial direction. Therefore, the 
equation of the radii of the  surfaces of revolution may be differentiated 
w i t h  respect t o  the  axial  directian t o  obtain the  derivatives of the 
assumed surfaces of revolution. The derivatives of the assumed-surface6 
of revolution were, therefore,  obtained a t  a given &&1 location as EL 

function of the geometry ( inner -  and outer-wall radii, surface of revolu- 
tion,  radius, and inner- and outer-wall  derivatives) at the same axial 
location. The derivatives thus obtained were used i n  the procedure out- 
lined i n  reference 7 t o  calculate  the  distribution of the axial velocity 
before and after  the rotor.  

2 2  

With the corrected  axial-velocity  distribution it was necessary t o  
alter  the  blade loading s l igh t ly  so that the design  value of the diffusion 
factor  a t  the r o t o r  t i p  would s t i l l  be approxhately 0.35. Based on the 
previous assumptions, the  design  value of the mass-averaged total-pressure 
r a t io  was 1.51. 

Blede Selection 

Af te r the  design  velocity diagrams were determined, the blade sec- 
tions which would produce the  desired  velocity diagrams were selected. 

Double-circular-arc  blades with leading- and trailing-edge radii of 
0.010 inch were employed. Frcan strength considerations, the maximum 
thickness  ratio of the ro tor  was selected t o  vasy fram 8 percent of chord 
at the hub t o  5 percent at the  tip. 

The design rules of reference 8 were used to determine the  incidence 
angle, deviation  angle, and  camber angle f o r  each ro tor  blade section. 
Since  the  blade  setting and-camber 8ngles of the  rotor hub section were 
beyond the r e a h  of the rotors used t o  formulate  the  design  rules of ref- 
erence 8, a check w8.s made t o  determine whether choking w o u l d  occur 

- 
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before  the  selected optimum incidence q l e s  w e r e  reached. The choking 
analysis of reference 9, wbich was  used t o  check the  selected  values of 
optimum incidence angle, indicated  that choking would not occur. 

The resultant values of the  rotor  blade  design  configuration and 
gemetry are presented in table I for  the  blade  sections  located along 
conical  surfaces at 10, 30, 50, 70, 8nd 90 percent of the passage  height 
fran  the  outer w a l l .  

Rotor Outlet Annulus 

In order t o  prevent choking in the annulus during t e s t s  of the  rotor 
done,  the annulus area downstream of the  rotor  outlet measuring s ta t ion 
was enlarged (fig.  l (a)) .  This increase in passage flow area was accom- 
plished  by  continuing  both  the hub and t i p  w K U  curvatures as far as 
permissible. In a i s  m a n n e r  the   effect  of enlaxging  the  outlet passage 
minimized the  possibil i ty of affecting the design axial-velocity distri- 
bution  after  the  rotor. 

Compressor Installation 

The compressor instal la t ion i s  shown i n  the schematic diagram of 
figure l(b). Air is drawn in through a submerged sharp-edged thin-plate 
or i f ice  and an a i r -qera ted   bu t te r f ly  valve in to  a 72-inch-dimeter  inlet 
depression  tank. A series of screens is  located approximately 60 inches 
upstream of the ccrmpressor inlet bellm’outh t o  provide a smooth  and uniform 
flow at   the   inlet .  The compressor outlet  a i r  passes into an annular 
collector and i n t o  the  laboratory  altitude exhaust system. A n  e lec t r i -  
cal ly  operated gate valve instal led in the e&aust line is operated in  
conjunction  with the inlet valve t o  adjust the cmpressor weight flow 
and inlet pressure. 

Power for  the compressor i s  supplied  by a 1500-horsepower induction 
motor through a speed-increasing gearbox. Compressor speed was controlled 
by varying  the  frequency  supplied +o the  alternathg-current motor. 

In s tmen ta t ion  

Airflow  through the  cmpressor w a s  measured by means of a sharp- 
edged thin-plate  orifice and By survey  instrumentation at the r o t o r  inlet .  
Fressure &op across  the  orifice w a s  measured on a water manometer,  and 
the  orifice temperature was measured by  iron-constantan thermocouples. 
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Inlet  tank  temperature  and  pressure  were  measured  approximately 21 
inches  upstream of the  compressor M e t  bellmouth by averaging  the  read- 
ings from  five  iron-constantan  thermocouple  probes and five wall static- 
pressure  taps around the  circumference of the  tank.  The  thermocouple 
probes  were  located  to  make  measurements  at  the  center  of  equal aTlllultls 
axea6. 

1 

. .  

The  axial  ststions  used  to mesure the  rotor  performance are sham 
in figure 1( a). Station 1 is  located 1/2 inch  upstream of the  rotor 
blade  hub  leading  edge, and station 2 is  located 1/2 inch downstream of 
the  hub  trailing  edge.  At  the  rotor  inlet  (station l), total  preseure, 
air  angle, and static  pressure  were  measured. A l l  measurements  were 
taken  at  the  five  major  radial  positions (10, 30, 50, 70, and 90 percent 
of the  passage  height frm the  outer wall); in addition, total  pressure- 
and  air  angle  were  measured  at 3, 5, ?, 93,  95, and 97 percent of the 
passage  height f r o m  the  outer w a l l .  . - .  " . 

. .  . .  

At  the  rotor outlet (station Z), total  pressure,  total  temperature, 
sir  angle, and static  pressure  were  measured.  Static  pressures  were 
measured  at  the.  five  major rdial positions and at  the inner and outer 
w a l l s .  Total.  pressure,  total  temperature-, a d  air  angle  were  measured 
and  recorded  cont5nuaLly  by an automatic  recorder  as an instrument  probe 
traversed  the  passage  radially. 

W a l l  static-pressure  taps  were  installed  at  each  axial  measuring 
station on both  the  inner  and  the  outer walls.  In addition, ten etatic- 
pressure  taps  were  installed a x t ~ y  at 1 / 4 - ~ n ~ h  intervals  between  ata- 
tions 1 and 2 along the  outer w a l l .  

A magnetic  blade  vibration pickup was mounted in the  compressor 
casing  near the rotor  blade leading edge. This pickup was used to give 
a qualitative  indication- of the- blde tip vibration. 

Procedure .I 

Over-all  and  blade-element  performance  data  points  were  taken at 60, 
70, 80, 90, 100, and IJ-0 percent of design  speed. m e t  pressure wa6 
maintained  at 20 inches o f  mercury  for a l l  speeds.  Weight flow waa  varied 
from  the maximum obtainable  to a value  where  blade  vibrations  were en- 
countered, or to a point  where  the  blade  tip  adiabatic  efficiency  dropped 
to  approximately 70 percent. "" . 

Equations used for  the  solutions of various parameters are given in 
appendix B. 
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Over -All Rotor  Performance 

The over-dl performance of the  rotor  is  presented in figure 2 as a 
plot  of  mass-averaged  total-pressure  ratio and mass-averaged  efficiency 
a g a i n s t  corrected  specific  weight  flow  measured  at  the  rotor  inlet.  The 
over-dl performance  is  presented  for  the  corrected  tip  speeds  of 660, 
770, 880, 990, 1100, and 1210 feet per second  (corresponding  to 60, 70, 
80, 90, 100, and I l O  percent  of  design  speed). 

A t  design  speed (ll00 ft/sec)  the  rotor  produced  the  design  pressure 
ratio  of 1.51 at a specific  weight flow of 38.0 gounds per second  per 
square  foot  and an efficiency  of 0.89. Since  the  rotor  was  design&  for 
a weight  flow  of 40 pounds per  second  per  square  foot,  the  weight f l o w  
was  low by 5 percent. M a x i m u m  pressure  ratio  attained  at  design  speed 
was 1.53, while maximum weight f low was 38.7 pounds  per  second  per s q m e  
foot . 

At l l 0  percent  design  speed a peak  efficiency  and a maxknutn pressure 
ratio  of 0.84 and 1.63, respectfvely,  were  obtained. M a x i m u m  weight  flow 
at l l 0  percent  design  speed  was 39.3 pounds  per  second  per s q m e  foot. 
Peak efficiencies of 0.98,  0.98, 0.96, and 0.93 were  obtained.  at 60, 70, 
80, and 90 percent  of  design  speed,  respectively. 

Although  the  given  rotor  was  designed  for a tip  speed  of ll00 feet 
per second,  the  performance  of  the  rotor at 90 percent  of  design  speed 
warrants  consideration  for  the  design of an inlet stage. A t  90 percent 
design  speed  the  rotor  produced a pressure  ratio  of 1.38 at a specific 
weight  flow  of 37.5 pounds  per  second  per  square  foot and an  efficiency 
of 0.93. At 80 percent  design  speed  the rotor,prduced a pressure  ratio 
of 1.29 at a specific  weight  flow of 36.0 pounds per  second  per square 
foot  of  frontal  area  at  an  efficiency  of 0.96. 

Flow  Parameters 

Rotor  inlet  flow  pazameters. - The  rotor W e t  flow  parameters of 
inlet  axial Mach nunber,  inlet  relative  Mach nmber, and inlet  relative 
air  angle are presented in figures 3, 4, and 5 for  three  values of weight 
flow  at 100, 90, and 80 percent  of  design  speed.  The  three  values  of 
weight  flow  presented  for  each  speed  represent  the  range of weight flows 
covered and aze shown as  points A, B, and C (at  each  speed)  on  the  over- 
all performance  map  (fig. 2). Point A represents  the ne85 m a x h u m  weight 
flow,  point B the  near  peak  efficiency  weight  flow,  and  point C the m h -  
inm weight flow  obtained. 
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Included in  figure 3 axe the  respective  design  values of the ro tor  

i n l e t  f low parameters. The distribution of the &al Mach  number a t  
design speed agrees with the predicted  design  values, but the magnitude 
is  l o w  because of the lower than  design value of weight flow obtained 
(fig.  3( a) ) . It therefore appears that  the method employed for  obtaining 
the  axial-velocity  distribution at the  rotor inlet, where the  actual 
radial entropy  gradient is negligible, i s  quite  satisfactory. In con- 
t r a s t ,  it should be noted that the simplif~d"ane-dimenSional choking 
analysis of reference 9 which was incorporated  into  the  design system was 
not  satisfactory, i n  that the  design weight f low and axid Mach number 
could not be at ta ined The loss in  wi@t flow was probably caused by 
three-dimensional flow limitations. This three-dimensional choking prob- 
lem has been successfully  handle.. in turbines with  subsonic inlet   re la t ive 
velocities by means  of a channel-flar approach {ref. 10). Unfortunately, 
the supersonic inlet   re la t ive Mach numbers together with the range of 
solidities and in le t  flow angles encountered Fn transonic  cmpressors 
normally preclude  the use of channel-flow  techniques. These data do 
manifest an area fnr further com-pressor research, however, particularly 
for  application t o  cmpressors whose flow rates  approach the  theoretical 
maximum. As shown by  figures 3(b) and (c) ," the l&er than design value 
of in l e t  Mach number decreased  the inlet relative Mach  number and in- 
creased the inlet relat ive air angle with reference to  their   respective 
design  values; however, the  radiaL  distribution  agrees w i t h  the  design 
distribution. 

4 

" 

R o t o r  outlet  flow parameters. - The radial variation of the ro tor  
flow  paremeters  aimensionless work coefficient,  efficiency, t o t a l -  
pressure  ratio,  total-pressure-loss  coefficient,  deviation angle, abso- 
lute  outlet  angle,. relative  outlet  angle, absolute  outlet Mach number, 
relative  outlet  Mach number, static-pressure-rise-coefmctent, diffusfon 
factor, and axial-velocity r a t i o  are  presented i n  figures 6, 7, and 8 
for design, 90 percent design,. and 80 percent  design speed at the weight- 
flow values shown in the over-all performance map (fig. 2). The cu~ves  
of the outlet  flow parameters at design speed (fig. 6) include  the  respec- 
t ive desi-  parameters f o r  the design weight flow of 40  pound^ per second .r 

per s q w e   f o o t  of frontal mea. In comparing  tihe outlet  design  flow 
parameters, it shodd  be  noted that tlie..design-p&ameters were based on 
a weight flow of 4Cl-pounds per second per squsrre foot, which was not ob- 
tained because of three-dimensional flow 1bZtatronS; Therefore, the 
methods of-determining such f l o w  parameters as loss coefficient,  deviation 
angle, and flow distribution cannot be adequately  evaluated. Furthermore, 
the  three-dimensional  effects which apparently  exist may lbit the  appli- 
cabi l i ty  of the  basic blade-element approach used in this design. 

A t  the l o w  weight flow the energy  addttion (work coefficient) in- 
creased  with  radius from the  rotor h d  to   ihe  .roEor tip (fig. 6( a)). AB 
the w e i g h t  f l o w  was increased,  the  energy  addition  tended t o  decrease 
from the mean radius t o  the tip. A t  the highest weight flaw the energy 

* 
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addition  decreased across the passage frm the  rotor hub to   the  rotor   t ip .  
A t  the  near peak efficiency weight flow of 38.34  pounds per second per 
square  foot of f rontal  area, the work coefficient was approximately 10 
percent lower at the hub section  than  the  radial  constant  design  value 
of 0.332 and approximately 5 percent above this value at the  t ip  section 
(10 percent of the passage height from the  outer w a y ) .  

A t  all w e i g h t  f l o w s  the  efficiency  increased  slightly f r o m  the ro to r  
hub t o  the meen radius  md  decreased sharply from the mean radius  to  the 
rotor   t ip   ( f ig .   6(b)) .  A t  the peak efficiency weight f l o w  the  efficiency 
Fncreased fran 0.97 at the hub section (90 percent of the passage height 
from the  outer wall) t o  0.99 at the mean radius and then  decreased  sharply 
t o  0.76 at the  t ip  section (10 percent of the passage height from the 
outer w a l l ) .  The efficiency over the lower half of the  blade at the peak 
efficiency weight f l o w  was near  or above the blade-element design  values, 
wbich varied frm 0.98 at the inner w a l l  to 0.95 at the  outer w a l l .  

The total-pressure r a t i o  varied in accordane with the energy addition 
and efficiency  variations  (fig. 6(c)). A t  the lower weight flows the 
combination of the  energy  addition and efficiency  resulted in  the  total-  
pressure  ratio  increasing f r m  the rotor hub t o  a peak value a t  the mean 
radius and then  decreasing from the mean radius t o  the  rotor  tip. A t  the 
high weight f l o w  the  canbination of the energy addition and the efficiency 
resulted in the total-pressure r a t i o  more or  less decreasing  continually 
f r o m  the ro to r  hub t o  the  rotor  tip. The total-pressure r a t i o  was lower 
than the  design  value in  the  blade end regions and above the design  value 
a t   t he  mean radius. 

The total-pressure-loss  coefficient had a m i n i m u m  value at the mean 
radius and in general  increased to  the  blade end regions  (fig.  6(d)>. 
A t  the near peak efficiency weight flow of 38.34 pounds per second per 
s q m e   f o o t  of frontal area  the  total-pressure-loss  coefficient  increased 
from the m i n i m u m  value of 0.01 at the mean radius t o  0.045 at  the hub 
section, and t o  0.174 at the  t ip  section. 

The deviation  angle  only approached the  design  distribution at the 
high weight flow (fig. 6( e . A t  the high weight flow the  deviation 

midpoint in the passage, and approximately 2' high at the  t ip  section. 
A t  lower weight flows the  deviation  angles were l o w  over a major portion 
of the passage. Perhaps the low values of the  deviation  angle  me a 
resul t  of the  three-dimensional flows previously mentioned. 

angle was approximately % 1 b> high a t   t he  hub section,  within lo at the 

The out le t   re la t ive M a c h  nmber  near  the peak efficiency weight f l o w  
was higher than the  design  value at the hub region and lower than  the 
design  value at the  tip  region  (fig. 6 ( f ) ) .  The variation can be par t ly  
due t o  the low rotor  t ip  efficiency, which reduced the f l o w  i n  the   t ip  
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region and forced the flow t(sward the hub section, and par t ly  due t o  the 
lower than design weight flow obtained. As stated  previously,  the  design 
outlet  velocity  distributions were obtained a s s a g  no change Sn entropy 
in the radial direction  (constant  total-pressure-loss  coefficient). 
Therefore, as is  pointed  out in  reference 11, with the decreased effi- 
ciency tow& the ro tor  t i p   t he  entropy  gradient would cause the  velocity 
t o  be lower than  the  desipp  value at the ro to r   t i p  and higher than the 
design  value a t  the rotor hub. The average level of the  outlet   relative 
Mach number i s  high because the  increased loss increased  the  specific 
outlet  flow and therefore  increased  the  outlet relative Mach number. 

. 

The combination of outlet   relative Mach  number, deviation angle, 
and wheel speed resulted i n  the  absolute  outlet  angle  variation of f ig-  
ure  6(g). A t  the ne= peak efficiency weight flow the absolute outlet- 
air angle was approximately So low and 5O high at the hub and t i p  sec- 
tions,  respectively. The absolute out le t  Mach number, which is also a 
f’unction of we relat ive  out le t  Mach number, deviatian angle (or  relatfve 
outlet-air  angle), and  wheel speed, is presented in  figure 6(h). The 
absolute  outlet M a c h  number at the near peak efficiency w e i g h t  flaw WSB 

1.03 a t   the  hub (0.10 higher than  design) and 0.80 at the   t ip  (0.06 
lower than  design). 

The &&-velocity r a t i o  across the rotor  (fig.  6(1)) was higher 
than the  design  value at a l l  weight f l o w 6  except at the rotor  tip  section. 
A t  the ro to r  t ip  section  the mal-velocity-ratio-diopped below the de- 
sign  value at the lower weight flaws. The higher  than  design  values of 
the  axial-velocity  distribution can be at t r ibuted  to  high outlet  specific 
weight flow caused by  the lower than design value of efficiency. 

The blade loading parameters, diffusion  factor, and static-pressure- 
rise  coefficient &cre presented in figures  6(j)  and (k). In general,  the 
diffusion  factor wa8 lower than the  desigu  values  near  the  inner wall L 

and  above the  design values tow& the outer wall, while the  s ta t ic-  
pressure  coefficient was i n  general lower than design  conditions at a l l  
radii. This variation in the  blade loading parameter was p r h a r i l y  due 
t o  the .resultant  axial-velocity  distributim  after the rotor. 

a 

The rotor flow pmameters f o r  90 and 80 percent of design speed are 
presented in  figures 7 and 8. These data m e  presented t o  give more 
detailed  infomation on the rotor performance, since the 90 and 80 per- 
cent  design speeds are s t i l l  in the  redm of transonic  rotor design con- 
ditions. These cmditfans also represent gooa potential W e t  stage 
designs. 

Blade-element flow parameters. - The blade-element flaw pmameters 
(total-pressure-loss  coefficient,  relative W e t  Mach number, axial- 
velocity  ratio,  static-pressure-rise  coefficient,  efficiency, deviation 
angle, diffusion  factor, and dimensionless work coefficient) m e  

.) 
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presented  in  figure 9 as functions  of  the  Fncidence  angle  for  the  five 
major  radial  stations  at 70, 90, 100, and U O  percent  design  speed.  The 
extensive  blade-element  data  are  presented to further  supplement  the 
published  data on transonic  rotor  blade  performance. In addition,  the 
blade-element flow parameters  at  optimum  incidence  angle  obtaFned  frcan 
these  curves  are  used in the  discussion  that  follows. 

RADIAL MATCHING OF BLADE-EL;ESIENT SEC!"IONS 

The  radial  matching of the  blade-element  incidence  angles  is  pre- 
sented in figure 10 at  design  speed.  ficidence  angle  is  plotted  against 
radius  for  various  weight  flaws  at  design  speed (shown as data  points). 
hcluded in  figure 10 are  the  midmun-loss  Incidence  angles  obtained from 
the  blade-element  data of figure 9 (solid  curve]  and  the  design minimum- 
loss incidence  angles  (dashed  curve,  ref. 8) for  each  of  the  five  blade- 
element  sections. As s h m  by figure LO, the radial  incidence-angle var- 
iation  at a weight  flow of 38.34 pounds per  second per square  foot was Z0 
to 3.1° higher thm the  design values of m i m - l o s s  incidence  angle 
across  the  blade  passage.  Although the incidence-angle  variation  at the 
weight  flaw  of 38.34 pounds  per  second per square  foot waa  higher than 
the design  values of the min%num-loss incidence angles, the  Incidence- 
angle  variation was WlthFn lo of the  measured --loss incidence  angle 
at all radii.  For  this  reason a good  over-all peals efficiency of 0.89 
w-as obtaAned  (fig. 2), but  at a weight flow 4.1 percent lower than  the 
design  value. 

COM€!!ISON OF BWE-EXZNENT P- W I T H  DESIGN RULES 

A camparison  of the measured.  blade-element  parameters w l t h  those 
computed  from  the  equations of reference 8 is  presented  in  table II of 
the  report.  The  measured  blade-element  performance  parameters  (incidence 
angle, deviation angle, and rehtive totd-pressure-loss  coefficient) 
were  obtained  from  figure 9 for  each  blade-element  section  at  the m-ln-imm- 
loss incidence  angle'. The computed values are  not the design  values  but 
rather  computations  based on the  measured  relative M e t  M a c h  nmnber, 
relative Met-air angle  at mlnbmm-loss incidence  angle, and required 
blade  geometry.  This  method of comparison was chosen because  the  design 
inlet conditions  were  not  reslized. The calculated  values of minf- 
loss incidence  angle,  deviation  angle,  and  relative  total-pressure-loss 
coefficient  are  tabulated in table II for  the  five  major  radial  positions 
at  design  speed. 

As shown by table 11, the  minimm-loss  incidence  angle was 0. go t o  
4. lo greater  than  the  values prdlcted  by the  design  rule.  The  deviation 
angle  at  the mlnimun-loss Fncidence  angle was 0 . 4 O  to 4.6O less than 
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predicted design-+e values frm the  outer wall to section D (30  percent 
from the  inner w a l l )  ; however,. the inner-wall  section  deviation  angle - 
w a s  3.5O greater  than the predicted  desis-rule values. The total-  
pressure-loss  coefficient i s  presented in   table  I1 88 (D cos j3 / in 
order t o  be consistent WFth the design-rule data of reference $."The 
total-pressure-loss parameter is approximately three times greater than 
the  predicted  design-rule  value  at  the  outer-wall  sections (10 and 30 
percent) and approximately double the des.5@3ae-vdue..at  the  inner-wall 
section; however, the 50-percent and 70-percenfY sections show very  close 
agreement with the  design-rule  values. 

Since the  losses encountered across blade elements with transonic 
in l e t  Mach numbers are  affected by the occurrence of passage shock, the 
shock losses were approximated using the  simplified two-dimensional flow 
m o d e l  described in reference 12. The sho& losses thus  obtained are pre- 
sented  together w i t h  the t o t a l  losses i n  figure li 86.a function of i n l e t  
re la t ive Mach number. The data of figure ll pertain on ly  t o  the near 
optFmum incidence  angle and show that   the   t ip  loss  increases with in le t  
re la t ive Mach number. The lm' indicated d u e s  of the  profile loss  (dif- 
ference between the..total and shock losses) can be attributed t o  the 
tapered rotor t ip ,  as pointed  out in  reference E. By contouring the 
r o t o r  tip,. some three-dimensional  cmpression  (reduction of s t r e d i n e  
spacing) of the  supersonic flow can be obtained, and it results in a 
lower local Mach number. than that obtained in  the simplified two- 
dimensional  solution.  Apparently the calculated  shock-.losses  me over- 
estimated because of the three-dimension;li.effects in €he. supersonic flow. 
The results indicate, however, that  the high losses in  the  tip  region me 
prlmarily due t o  high Mach nmbers and shock losses ana not t o  blade 
loading. For example, the computed suctiun-surface M a c h  number at the 
t ip   sect ion  for  design speed w a s  1.90, and-the  diffusion  factor w a s  
approxhately 0.25. . .  

. ." 

. .  . .  ". 
. 

- 
Although the agreement  between the test data and the  design-rule 

predictions i s  not  considered good, the mFrii.rinm-loss incidence  angles 
were matched radially  (f ig.  10) so that good  cormpressor efficiency was c 

obtained at a weight f l o w  about 4 percent below the design value. 

SUMMAAY OF RESULTS 

The major resul ts  obtained from the bwestigation of the 0.35 hub- 
t i p  radius ratio,  axial-flow,  inlet-stage ro to r  me a& follows: 

1. A t  the design  equivalent t i p  speed af UOQ feet  per second, a 
total-pressure  ratFo of 1.51 was o b t a b d  at 821 eguivalent  specific weLght  
f low of  38.0 pounds per second per square foo t  of Frontal  area, and the 
adiabatic-temperature-rise efficiency was 0.89. Peak efficiencies of . 
0.98, 0.98, 0.96, 0.93, and 0.84 were obtained at 60 , 70,  80, 90, and- 
110 percent of design . speed, respectively. 

-. . - ,  . "  - .. 
.I I " ~ -  



2. The  performance  at 80 and 90 perdent  design  speed also makes  this 
rotor  appear  highly  suitable  for  use  as a transonic  inlet  stage on 
present  engines. At 90 percent  design  speed  the  rotor  produced a pressure 
ratio  of 1.38 at a specific  weight  flow  of 37.5 pounds  per  second  per 
square  foot of frontal  area and an adiabatic  efficiency  of 0.93. At 80 
percent  design  speed  the  rotor prduced a pressure  ratio of 1.29 at a 
specific  weight  flow of 36.0 pounds per  second  per squwe foot of frontal 
area  and an efficiency of 0.96. 

3. The  design  weight  flow  was  not  obtained  primarily  because of 
three-dimensional flow limitations. 

4. A method  of  calculating  the  axial-velocity  distribution  before 
and  after a rotor  is  presented.  At  the  rotor  inlet  the  calculated  veloc- 
ity  distribution  was  good.  At  the  rotor  outlet  the  calculated  axial- 
velocity  distribution  was  poor  primarily  because  the  assumed f l o w  condi- 
tions  were not obtained. 

5. Because  of  good  radial  selection of the  blade-element  parameters, 
good  compressor  efficiency w a s  obtalned,  but at a weight  flow  below the 
design  value. 

6. The  underestimation  of  the  rotor  losses  resulted In higher than 
design  outlet  velocities. 

7. The  high loss at  the  rotor  tip  section  appears to be  primarily a 
function of shock  losses  caused by high suction-surface M a c h  nmbers. 

Lewis  Flight  Propulsion  Laboratory 
National  Advisory  Committee for Aeronautics 

Cleveland,  Ohio,  June 14, 19% 
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SYMBOLS 

compressor frontal  area, sq ft 

blade chord, in. 

specific  heat. at canstant  pressure,  Btu/(lb.) (%) 

specific  heat at constant volume, Btu/(lb). (9) 

diffusion  factor 

acceleration due t o  gravity, 32.17 ft/sec2 

t o t a l  enthalpy, ft-lb/lb 

angle of incidence, angle between tangent mean cabe r   l i ne  at-lead- 

. .  

ing edge and inlet-air  direction, deg 
. .  

mechanical. equivalent of heat, 778.2 f t- lb/3tu 

constant 

M a c h  number 

t o t a l  pressure, lb/sq f t  

s t a t i c  pressure, ~b/sq f t  

radius, in. 

t o t d  temperature, 4r 
blade thickness, in. 
blade speed, f t /sec 

velocity of air, f t /sec 

integrated w e i g h t  flow at rotor inlet, lb/sec 

air angle, angle between air velocity  vector and axial direction, 
deg 

.. 
P 

r a t io  of specific  heats, C P / F ~  - 



NACA RM E58D17 - 15 

s r a t io  of inlet total   pressure  to  NACA standard sea-level  pressure 
of 2ll6.2 lb/sq f t  

So dedat ion  angle, angle between outlet-air   direction and tangent t o  
m e a n  camber line at trail- edge, deg 

rl adiabatic  efficiency 

e r a t io  of inlet total temperature t o  NACA stand& sea-level 
temperature of 518.7O R 

P flow density, lb/cu f t  

a solidity,   ratio of blade chord t o  blade spacing 

Cp blade camber angle, difference between angles of tangents t o  mean 
camber lFne at leading and trailing edges, deg 

- 
0) total-pressure-loss  coefficient 

Subscripts: 

d 

h 

id  

m i n  

6 

61 

t 

z 

e 

1 

2 

design rule  . 

hub 

ideal 

minimum loss 

shock 

NACA standard sea-level cad i t ions  

t i p  

axial direction 

tangential cmponent 

ro to r  inlet 

rotor  outlet  

Superscript: 

I re lat ive 
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APPENDIX B 
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c 

Over-All Perf OrmEhace 

(1) Mass-averaged  adiabatic-temperature-rise efficiency 

(2) Mass-averaged  total-pressure  ratio 

p2 
P1 

, -  " 

c J rh, 2 

+ 1.0 r 
Rotor Blade Element 

(1) Blade-element  adiabatic-temperature-rise  efficiency 
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(2)  Relative total-pressure-loss  coefficient 
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Y 
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for a given r o t o r   d e s i s  and % is the wheel rotational Mach  number 
(outlet wheel tangential  velocity  divided  by  inlet  relative  stagnation 
velocity of sound). 

(3) Dimensionless work coefficient 

(4) Diffusion  factor 
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19 53. 
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Figure 2. - Mass-averaged over-all performance of ro tor  u i th  hub-tip diameter ratfo of 0.35. 
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Figure  3. - R a d i a l  variation of inlet flow parameters at design speed. 
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Figure 4. - R a d i a l  variation of Fnlet f l o w  parameters at 90 percent design speed. 
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Figure 5. - R a d i a l  variation of Inlet flpx.wageters at 8QQercent deelgn speed. 
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Figure 7 .  - Radial variatim of blade-element and rotor  outlet performance 
at  90 percent  design speed. - 
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Figure  8. - Concluded. Radial variatLon af .bUdg:e_leEnC ~t?d..rotor outlet perlomanee. 
at 80 percent design speed. 
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(c) Radial  station C: 50 percent of passage  height from outer  wall. 

Figure 9 .  - Continued. Rotor blade-element data. 
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F i g u r e  9 .  - Continued. Rotor .bla.de-qLement data. 
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(e)  Fadial station E: 90 percent  of psssage height f'rm O U b r  wall. 

Figure 9. - Concluded. Rotor blade-elament data. 
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Figure 10. - Veriation of incidence angle at design  speed. - c 

. 



NACA RM E58D17 39 . 

.3 

0 
1.04 1.08 Ll2 1.16 1.20  1.24  1.28  1.32 

Relative inlet Mach amber, 

Figure U. - Variation of rotor t i p  total-pressure-loss  coefficient and s h d - l o s s  coef- 
ficients with M e t  relative Ma& number at near minimum-loss incidence angles. 
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